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and Thomas W. Chapmant 
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ABSTRACT 
The hydrometal lurgy of copper may involve leaching of the metal from its 
ore with an aqueous olution containing cupric and ferric chloride. The subse- 
quent deposition of copper from such a process stream is modeled here in an 
idealized electrochemical cell with a rotat ing-disk electrode. The potential dis- 
tr ibution and concentration profiles within the diffusion layer are predicted 
for given potential  differences between the electrode and the solution. The 
cuprous ion, which is formed by the reduction of the complexed cupric ion at 
the electrode, is stabil ized in the chloride solution and can react either at the 
electrode or with ferric species within the diffusion layer. The assumption is 
that this fast and irreversible homogeneous reaction generates a reaction plane, 
whose position is shown in the concentration and potential profiles. In addition, 
the position of the reaction plane is plotted as a function of the potential  
difference between the electrode and the adjacent solution. Predicted current-  
potential and current efficiency-potential curves are also reported. Final ly, the 
iron contamination of the deposited copper is estimated to be less than 10-~ 
atom percent for some cases. Also, because some of the part ia l  current den- 
sities are below their l imit ing values, the analysis is str ict ly valid only at 
the center of the disk. 
Among the numerous hydrometal lurgical  schemes 
for extraction and recovery of copper current ly under 
consideration there are several which employ an aque- 
ous chloride solution as a l ix iv iant (1-11). The ten- 
dency of chloride to form metal  complexes provides 
high metal  solubilities; and, in conjunction with a 
suitable oxidizing agent such as chlorine, oxygen, ferric 
ions, or cupric ions, excess chloride facil itates rapid 
leaching of not only scrap metal  but also sulfide ores 
such as chalcopyrite, CuFeS2 (12-15). 
* Electrochemical  Society Student Member. 
t Electrochemical  Society Act ive Member. 
Key words: hydrometal lurgy,  current efficiency, homogeneous 
reaction, s imultaneous electrode reactions, migration effect, reac- 
tion plane, rotating-disk electrode. 
The possibi l ity of regenerat ing a leaching agent such 
as ferric ions at an anode while depositing copper 
cathodically makes the prospect of direct electrolysis 
of copper chloride leach liquors attractive. There are, 
however, two major difficulties with this approach. 
First, copper deposits from chlorides in a rough, por-  
ous, or even powdery form under most operating con- 
ditions so that the copper product would probably 
require remelt ing (11, 16, 17). The second problem is 
that the pregnant leach liquors may contain oxidized 
species that could react in the electrolysis cell and 
cause low current efficiencies for metal deposition. For 
example, iron occurring in an ore, or as the leaching 
agent, may appear in the electrolysis cell as ferric ion 
Downloaded 10 Jun 2011 to 129.252.106.20. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
670 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY May 1977 
and be reduced to ferrous ion at the cathode. This lat- 
ter problem can be avoided by assuring reduction of 
the electrolyte prior to electrolysis, or by precipitating 
iron, to eliminate ferric ions, while using a diaphragm 
to prevent ransport of ferric ions from the anode to 
the cathode. Nevertheless, it is interesting to investi- 
gate the quantitative effect of ferric ions on the deposi- 
tion of copper from chloride solutions to determine 
whether removal of ferric ions prior to electrolysis is 
necessary. In this paper we compute the cathodic cur- 
rent efficiency for deposition of copper from a copper 
chloride solution which contains high levels of ferric 
ions and identify some interesting phenomena that can 
occur in this situation. The current efficiency for a 
cupric chloride solution which contains no ferric ions 
is considered elsewhere (18). 
The process tream that results when copper ore con- 
taining iron is leached under mildly oxidizing condi- 
tions is presumed to contain the following ionic spe- 
cies in water at 25~ CuC1 +, FeC12+, H +, and C1-. 
Available stability constant data (19, 20) indicate that 
these are the most stable forms of the possible cupric- 
chloride and ferric-chloride complex ions in chloride 
solutions. Subsequently, these complex ions will be re- 
ferred to as the cupric and ferric species, respectively. 
Deposition of copper from the process stream is as- 
sumed to involve two steps. The first step is the reduc- 
tion of the cupric species 
CuC1 + q- e -  q- 2C1- --> CuCI82- [1] 
The second step is the reduction of the resulting cu- 
prous-chloride complex ion (hereafter eferred to as 
the cuprous pecies) to copper 
CuCl32- -t- e -  --> Cu -t- 3C1- [2] 
Stability constant data (19, 21) also indicate that this 
cuprous species is the most stable form of those possi- 
ble in the solution considered here. It should be empha- 
sized that the stability of the cuprous species enables 
it to exist at a much higher concentration than its 
counterpart could in other solutions, such as copper 
sulfate in aqueous ulfuric acid [see Ref. (22), for ex- 
ample]. 
Two additional electrode reactions are the cathodic 
deposition of iron 
FeC1 + § 2e- ~ Fe + CI-  [3] 
by reduction of a ferrous-chloride complex ion, which 
is produced within the diffusion layer (see reaction 
[5]), and the reduction of hydrogen ions to form dis- 
solved hydrogen gas 
1 
H + -t- e -  --> - -  H2 [4] 
2 
This ferrous species, FeC1 +, is also considered to be 
the most stable form that could exist in this solution 
(19). 
One could also conceive of the direct reduction of 
ferric to ferrous species on the electrode, and this 
would occur at quite positive electrode potentials 
(where copper and iron would, in fact, dissolve). How- 
ever, the presence of the ferric species is incompatible 
with the simultaneous presence of the cuprous species, 
and the ferric species cannot exist in the region near 
the electrode in the range of potentials where reactions 
[1] and [2] may occur. Instead, in addition to its par- 
ticipation in reactions [1] and [2] at the rotating-disk 
electrode, the cuprous species can diffuse away from 
the electrode and react with the ferric species, which 
is being transported toward the working electrode 
from the bulk solution, according to the following oxi- 
dation-reduction reaction 
CuCI32- q- FeC12+ ~ CuC1 + q- FeC1 + q- 2C1- [5] 
This reaction occurs within the diffusion layer adjacent 
to the rotating-disk electrode. Since such ionic reac- 
tions are usually relatively rapid, reaction [5] is essen- 
tially equilibrated locally, and the treatment is similar 
to that for partial dissociation of bisulfate ions within 
a diffusion layer (23). 
The ferrous species produced by reaction [5] diffuses 
back into the bulk solution and is also transported to- 
ward the electrode (where it may react according to 
reaction [3] ). 
The equil ibrium constant K for reaction [5] can be 
estimated to be 1.55 X 105 (kg/mole) 2 by using stan- 
dard electrode potentials as well as the stability con- 
stant data referred to above. Because this is a large 
number, the analysis can be simplified by assuming 
that K is infinitely large. (Further work on this prob- 
lem in which K is not set equal to infinity is contem- 
plated.) As a consequence of the assumption that reac- 
tion [5] has an infinitely large equil ibrium constant, 
a reaction plane forms within the diffusion layer and 
thereby separates it into two regions (see Fig. 1). Fur-  
thermore, because of this assumption the ferric species 
is absent in region 1 and the cuprous species is absent 
in region 2. 
The formation of a reaction plane by an instantane- 
ous, irreversible bimolecular reaction was treated first 
by Hatta (24) within the context of simultaneous gas 
absorption and chemical reaction. Van Krevelen and 
Hoftijzer (25), Danckwerts (26), Perry and Pigford 
(27), O1ander (28), and others have applied this con- 
cept in similar work. Recent treatment of reaction 
planes can be found in books by Sherwood and Pigford 
(29), Astarita (30), Danckwerts (31), Albery and 
Hitchman (32), Sherwood, Pigford, and Wilke (33), 
and Carberry (34). Friedlander and Lift (35) and Acri- 
vos (36) used the reaction plane concept in their anal- 
yses of laminar boundary layer flows with a homoge- 
neous reaction. Others (37-51) have also studied this 
subject. 
Also of concern with this system is the possibility 
that the chloride complexing will stabilize the cuprous 
species to such an extent hat iron is deposited in pref- 
erence to copper. The standard electrode potentials of 
reactions with the chloride-complexed species were 
calculated from those of reactions of noncomplexed 
species and the stability constants from the literature. 
Table I shows that, at the potentials at which copper 
will begin to be plated, the ferrous ion is more stable 
than either the ferric ion or metallic iron, and this is 
true in both the complexed and noncomplexed systems. 
The desired process in the electrochemical cell is the 
reduction of cupric species to deposited copper, which 
requires two electrons per copper atom deposited. The 
current efficiency will therefore be defined as the num- 
ber of copper atoms deposited for each two electrons 
passed through the cell. The principal process which 
tends to reduce the current efficiency is the diffusion 
"(3 
o 
"S 
uJ 
Region I 
Ferric Species 
Absent 
Region 2 
Cuprous Species 
Absent 
Reaction 
Plane 
Bulk 
y 
Fig. 1. The separation into regions of a diffusion layer within 
which a fast oxidation-reduction reaction occurs with an infinitely 
large equilibrium constant. 
Downloaded 10 Jun 2011 to 129.252.106.20. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
Vol. 124, No. 5 DEPOSITION OF COPPER 671 
Table I. Standard electrode potentials with and without 
complexing by chloride, at 25~ 
Us, V 
Reaction Noncomplexed With  ch lo r ide  
Ferrous/ferr ic 0.771 0.745 
Cuprous/copper 0.521 0.233 
Cupr ic /copper  0.337 0.3355 
Cuprous /cupr ic  0.153 0.438 
Ferric/ iron --0.036 --0.0523 
Ferrous/ iron --0.440 - 0.451 
of cuprous species back into the solution where it can 
escape or lead to the indirect reduction of ferric spe- 
cies to ferrous according to reaction [5]. Any reduction 
of ferrous ions to iron at the electrode will also lower 
the current efficiency as well as contaminate the de- 
posit. In addition, the current efficiency is lowered by 
the reduction of hydrogen ions according to reaction 
[4]. 
The electrochemical cell used to model the physical 
phenomena discussed above consists of a rotating-disk 
electrode (the active portion of which is made either 
of copper or of an inert material such as plat inum), a
normal calomel reference electrode (whose standard 
electrode potential is 0.2676V), a distant counterelec- 
trode, and a bulk solution of the same composition as 
the process tream. Deposition of copper from this elec- 
trochemical cell can be analyzed by applying dilute- 
electrolytic-solution theory with constant physical 
properties (22, 52). The results of this analysis include 
concentration profiles of the ionic species within the 
diffusion layer on the electrode, current-potential  
curves, and current efficiencies for this system. 
For convenience, the current density distribution was 
assumed to be uniform on the surface of the electrode. 
Newman (53) showed how one should calculate the 
current distribution on a rotating-disk electrode, but 
consideration of the problem treated here at that level 
of sophistication is beyond the scope of this work. 
However, the results to be presented are applicable at 
the center of the disk. 
Newman (54) also showed that for the rotating-disk 
electrode, on which one electrode reaction occurs at its 
l imiting value, the governing equations for electrolytic 
mass transfer are the same as those for other flow con- 
figurations. Consequently, the assumption that the re- 
sults reported here are also applicable to other flow 
configurations (54) should be a reasonable first ap- 
proximation. 
Governing Equations 
Material-balance equations for species within the dif- 
fusion layer on a rotating-disk electrode are (55) 
(Di/DR)ci" -]- 3~2Ci ' -]- (ZiUiF/DR) (Cir -i- Ci'r : 0 
[6] 
where the prime denotes differentiation with respect 
to the dimensionless di tance ,:.For the rotating disk 
} : y18 [7] 
where y is the normal distance from the surface and 
is the thickness of the diffusion layer, expressed as 
(3DR) I /3 (Y~ I/2 
= ,,-E$/ , ,~b [8] 
with a = 0.51023262 (56). The position of the reaction 
plane, the ionic species concentration profiles, and the 
potential distribution can be determined by solution of 
these equations together with the condition of electro- 
neutral i ty 
ZiCi : 0 [9] 
t 
and the following boundary conditions. 
The boundary conditions in the bulk solution are that 
Ci -'~ Ci,~ as  ,~ --> 
At an arbitrary position, r can be specified, correspond- 
ing to the arbitrary zero of potential. At the reaction 
plane the boundary conditions are: 
1. The total flux of each element (Cu, Fe, and C1) as 
well as the flux of H + and dissolved H2 is continuous. 
2. The concentration of both the cuprous and the 
ferric species is zero. 
3. The fluxes of ferric and cuprous pecies to the re- 
action plane are equal. 
The boundary conditions at the rotating-disk elec- 
trode are that the normal component of the flux of 
species i evaluated at the electrode surface is equal to 
the sum of its reaction rates 
dr dc__ ! ----- __ ~m 8iji J  
Ni : --ziuiFci ~ -- D i ~.~ [10] 
dy j=l njF 
where m is the number of reactions occurring at the 
electrode and sij and nj are the stoichiometric oeffi- 
cient of species i and the number of electrons trans- 
ferred in electrode reaction j when written in the 
abstract form 
sijMizi ---> n je -  [11] 
l 
The current density due to reaction j was approxi- 
mated by the Butler-Volmer equation 
ij = ioj Lexp ~--~--~lsj) -- exp -~-  ~]sj [12] 
where the composition dependence of the exchange 
current density was assumed to have the form 
ioj = ioj.ref I I \ ~  / " II ak'/kJ [13] 
i , k 
The symbol ioLref represents the exchange current den- 
sity evaluated at the reference concentration of the 
ionic species, with gi.ref : 1/'~/-, and at unit relative ac- 
tivity of the metallic species. In Eq. [13], i ranges over 
the ionic species and k over the metallic species. The 
relative activity of iron was taken to equal its mole 
fraction in the deposit, and the relative activity of cop- 
per was set equal to unity since little iron was expected 
to be deposited. Thus, aFe was set equal to 0.5 i J i f ,  and 
the activity coefficient was ignored. The activity coeffi- 
cient of iron should be greater than unity since iron 
and copper are not completely miscible, and conse- 
quently the deposition rate of iron should be even 
lower than that calculated here. 
The transfer coefficients V~aj and a~j are taken to sum 
to nj. The exponents for both ionic and metallic species 
were given the values 
acJ 
7ij  ~- q i j  -{- ~ Sij [14] 
nj 
where qij = --Sij for a cathodic reactant and is zero 
otherwise. 
The surface overpotential for reaction j is 
~j • V -- r -- Uj.o [15] 
where V is the potential of the rotating disk, r is the 
potential of the solution just outside the diffuse part 
of the double layer as measured by a reference lec- 
trode of a given kind, and Uj.o is the theoretical open- 
circuit potential for reaction j at the composition pre- 
vail ing at the electrode surface--again relative to the 
reference lectrode of a g ivenkind.  For a normal calo- 
mel reference lectrode 
Yj,o = UOj -- V0ca] 
njF \po  ~ k 
-{- ---'F-- In \ T  , [16] 
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Here, C~cl- is the concentration of chloride ion in the 
reference lectrode compartment, and the concentra- 
tions must be expressed in moles/l iter if the usual 
tabulations of standard electrode potentials U0j are to 
be used. Note that possible activity-coefficient correc- 
tions to the concentrations of the ionic species have 
been ignored. 
Solution Technique 
Equations [6] and [9] together with the above 
boundary conditions constitute a boundary-value prob- 
lem involving coupled, ordinary, nonlinear, differential 
equations. The governing equations and boundary con- 
ditions were cast in finite-difference form accurate to 
order h 2, where h is the dimensionless distance between 
mesh points, and solved by a numerical solution tech- 
nique developed by Newman (22). An interesting 
aspect of this problem is the unknown reaction plane 
position. In conditions 2 and 3 there is one more bound- 
ary condition than would be needed for a fixed plane 
position. Consequently, the plane position L must be 
treated as an unknown constant. To use the same com- 
puter subroutines, the treatment of this unknown con- 
stant was similar to that used by Newman (57) for the 
eigenvalues of the Graetz problem. 
Parameter values used to obtain numerical results 
are presented in Table II. Mobilities were calculated 
from the tabulated iffusion coefficients by means of 
the Nernst-Einstein relation, ui = Di/RT. For the 
transfer coefficients, acj ---- 0.5, and the exchange cur- 
rent densities, ioj, ref, for reactions [1] and [3] were 
given the value 10 -3 A/cm 2 while values of 5 • 10 -z 
and 5.89 • 10-7 A/cm2 were used for reactions [2] 
and [4], respectively. 
Results 
Results are presented for four cases. In case one, only 
reaction [1], the reduction of the cupric species to cu- 
prous species, is permitted to occur at the electrode 
(see Table II). In the remaining cases, reactions [1], 
[2], [3], and [4] occur at the electrode. These separate 
cases emphasize the significance of multiple electrode 
reactions and the significance of the ratio of the bulk 
concentration of cupric species to ferric species. Table 
II gives the bulk concentrations for each case. 
Figure 2 displays the dependence of the electric po- 
tential r on the dimensionless distance from the elec- 
trode ~ for case one. Two quantities of interest, *o and 
~o, are il lustrated in this figure. The potential in the 
solution at the electrode surface (just outside the dif- 
fuse double layer) ~o and the potential of the working 
electrode V are used to form the potential difference 
V -- ~o, which is related to the driving force for the 
electrode reaction (see Eq. [15]). 
The electric potential in the solution outside of the 
diffusion layer, "~, extrapolated to the electrode surface 
Table II. Parameter values 
lO~Di~ Cl,~, 
Species em~/see mole~liter 
Cases 1 and 2 Case 3 Case 4 
CuCls ~- 0.6* 0 0 0 
CuCI+ 0.6* 3 2.25 1.5 
FeCI+ 0.739* * 0 0 0 
FeC12§ 0.896* * 1.5 2.25 3 
CI- 2.032t 6.1 6.85 7.6 
H + 9.312t 0.1 0.1 0.1 
H~ 3.85 4.155 9 10 -~o 
T = 298.15~ ~ = 0.010049 cm-~/see 
po = 0.99707 g /cm ~ ~ = 261.8 rad/sec 
* Taken f rom Ref. (58). 
**  Because of a lack of data, the diffusion coeff icients of the 
fe r rous  and fe r r i c  species were  taken to be the same as those of 
fe r rocyan ide  and ferr icyanide ions, respect ively,  as given i n  tab le  
76-1 of Ref.  (22). 
Taken f rom tab le  75-1 of Ref.  (22). 
$ Th is  va lue  was arbitrari ly se lected for  th i s  work  [see Ref.  
(59) ]. 
50 
40 
E 
~ 50 
o 
2 20 
I 
I0 
j~o  
Co ' ' , :o  ' ,:5 
Fig. 2. Dependence of the electric potential on the dimensionless 
distance from the electrode when V - -  r ~ --0.3545V and re- 
action [1] alone occurs at the electrode. 
is designated as ~o. Its value may be obtained by ex- 
trapolating Ohm's law 
iT = ij = - -K~-  [17] 
j=l dy 
to the electrode surface from the bulk by using the 
previously calculated value of iT and the conductivity 
~ of the bulk solution. The potential difference V -- r 
represents an alternative driving force for the elec- 
trode reaction. We might write for the total overpoten- 
tial 
~sj + ~lcj : V -- ~o -- Uj,| [18] 
where Ucj is the concentration overpotential for reac- 
tion j and Uj.~ is the theoretical open-circuit potential 
for reaction j at the bulk solution composition and the 
alloy composition of the deposit. 
There is a difference between "~o and r because the 
conductivity varies with position in the diffusion layer 
and is not equal to K~ and because there exists a dif- 
fusion potential due to the concentration variations and 
the different diffusion coefficients of the various species 
[see equation 125-7 of Ref. (22) ]. These factors are ac- 
counted for when one solves simultaneously the cou- 
pled Eq. [6] and [9] across the diffusion layer to ob- 
tain the potential distribution i  Fig. 2. 
Figure 3 depicts the calculated concentration profiles 
of the ionic species within the diffusion layer that were 
obtained at the same potential difference. In this figure, 
the dimensionless distance from the electrode at which 
the concentration of both the cuprous and the ferric 
species is zero indicates the position of the reaction 
plane. 
The calculated current density due to reaction [1] 
alone, il, normalized by the current density predicted 
by the Levich equation (60) 
nlFcR| (DR)  2/3 
iLD ~- 0.62048 (~v) 1/2 - -~v  -- [19] 
SR1 
is presented in Fig. 4, as a function of the potential dif- 
ferences V -- ~o and V -- r 
Figure 5 displays the calculated concentration pro- 
files for case two with V -- ~o : --0.3493V. 
In Fig. 6 the dimensionless position of the reaction 
plane L/5 is presented as a function of the potential 
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difference V -- ~o for cases 1 and 2. 
The total predicted imensionless current density for 
case 2 is plotted in Fig. 7 as a function of the potential 
difference V -- @'o. The current densities due to reac- 
tions [1] and [2] for case 2 are also plotted in Fig. 7. 
(The current density due to reactions [3] and [4] were 
too small to be plotted conveniently on Fig. 7.) 
These calculated current densities were used to cal- 
culate the current efficiency, 100 X 2i2/iT, as a function 
of the potential difference V -- "@o, which is plotted in 
Fig. 8. Also shown in Fig. 8 are the current efficiencies 
for cases 3 and 4. 
Finally, the dependence of the relative surface con- 
centration of the cupric,, cuprous, and chloride species 
on V -- @o is presented in Fig. 9. 
Discussion 
The potential profile and the concentration profiles 
shown in Fig. 2, 3, and 5 are not smooth at the reaction 
plane because of the assumption that K is infinite. 
V - -  ~o - -  --0.3545V. 
C I -  
g 
:g4 
83 - 
0 0.5 1.0 1.5 
Fig. 3. Dependence of the concentration of, the various species 
on the dimensionless distance from the electrode for case 1 with 
2.5 
0.7 
2 c u  
V- 
r-~ 
" / V-Oo 1.5 .,,- 
1.0 
o:l o:2 o:3 0:4 0.6 
- Pofenfi(]l (V) 
Fig. 4. The dimensionless current density when reaction [1] 
alone occurs at the electrode as a function of the potential differ- 
ences V - -  to  and V - -  @o. 
6 CI- , 
5 
g4 
i3 
0 
I _ 
, .+ 
0 0.5 1.0 1.5 
Fig. 5. Concentration profiles of the various species near the 
electrode for case 2 with V - -  "~o " -  - -0 .3493V.  
_ J  
0.6 
/./// 
0.5 ,;/ 
0.4 
0.5 / 
0.2 
OJ 
0 
/ 
/ J  / 
/ / 
O. I 0.2 0.5 0.4 0.5 0.6 0.7 
-(V-~' o) (V) 
Fig. 6. Dependence of the dimensionless reaction plane position 
on V - -  to  for cases 1 ( - - - )  and 2 ( ). 
Consider first case one, where the only electrode re- 
action is the reduction of cupric to cuprous ions. The 
latter diffuse away from the electrode to the reaction 
plane, where they reduce ferric to ferrous ions, with 
regeneration of cupric. Some of the cuprous species 
also escape by radial convection. The concentration 
profiles in Fig. 3 il lustrate these processes. As the elec- 
tric driving force is increased, the concentration of the 
limiting reactant, the cupric species, approaches zero, 
and the concentration f the product cuprous pecies at 
the electrode increases. Consequently, the position of 
the reaction plane moves away from the electrode, as 
also shown in Fig. 6. The position of the reaction plane 
is determined by a balance of the transport of cuprous 
species from the electrode and the transport of ferric 
species from infinity. The ferrous species, the product 
of the plane reaction, also has accumulated toward the 
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Fig. 8. Dependence of the current efficiency on V --  Oo. r ---- 
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spectively. 
disk surface. The chloride ion is produced by reaction 
[5] at the plane and consumed by reaction [1] at the 
electrode, and the consequences of this are observed in 
the concentration profiles. 
The current density for reaction [1] can exceed sub- 
stantially the l imiting value for convection and diffu- 
sion of the cupric species as given by the Levich equa- 
tion. Figure 4 shows ratios as high as 2.12. This en- 
hancement is due to ionic migration of the limiting 
reactant (55) and the regeneration of the cupric species 
at the reaction plane. Since the cupric species is posi- 
tively charged, it is attracted toward the cathode ac- 
cording to the potential distribution in Fig. 2. This 
effect of migration also accounts for the maximum in 
the concentration of the cupric species at the reaction 
plane and for the increase of concentration of the 
ferrous species toward the electrode (see Fig. 3), 
where this species is neither produced nor consumed. 
The effect of the reaction plane is, in essence, to bring 
e. io_ I 
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Fig. 9. Dependence of the relative surface concentration of some 
of the ionic species present in the system on V --  ~o for case 2. 
the bulk concentration of the l imiting reactant closer 
to the electrode, since the cupric species is produced at 
the plane by reaction [5], and this serves to increase 
the concentration gradient at the electrode. 
Another way to think about this effect is to realize 
that the reduction of ferric to ferrous, which occurs at 
the plane, requires a supply of electrons from the elec- 
trode. The indirect supply of these electrons through 
the transport of cuprous species from the electrode to 
the plane contributes to a highei" current density for 
reaction [1]. In fact, the reduction of ferric to ferrous 
requires a smaller electric driving force than the re- 
duction of cupric to cuprous (see Table I). When the 
reaction-plane distance has decreased to zero, the re- 
duction of ferric to ferrous can proceed directly on the 
electrode, and the analysis would actually become sim- 
pler. 
Figure 4 shows that ~o -- ~o, the difference between 
the potential drop through the diffusion layer and that 
obtained by extrapolation with the bulk conductivity, 
is relatively small compared with the scale of poten- 
tials over which the current rises toward its l imiting 
value. For the situation in Fig. 2, To -- ~o has the value 
of 19.9 mV. 
For case two, we must now consider the additional 
effects associated with the possibility of depositing 
copper and iron on the electrode and also the possibil- 
ity of evolving hydrogen gas at the electrode. The 
deposition of copper by reaction [2] consumes cuprous 
ions produced through reaction [1], and consequently 
less of the cuprous species remains to diffuse back into 
the solution. Comparison of the concentration profiles 
in Fig. 3 and 5 shows this reduction of the cuprous con- 
centration at the surface. The reaction plane is now 
much closer to the electrode, as also depicted in Fig. 6. 
Comparison of the predicted reaction plane positions 
at small values of - - (V - - '~o)  for cases 1 and 2, as 
shown in Fig. 6, reveals that the reaction plane is 
further from the electrode in case 2, a result which is 
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due to the dissolution of deposited copper according to 
reaction [2]. 
The current densities in Fig. 7 reflect the difference 
in the potentials of the two copper reactions (see Table 
I). The current density due to reaction [1] is well along 
toward a l imiting current, the same limit shown in 
Fig. 4, before the current density due to reaction [2] 
becomes ignificant. The slight increase in the current 
density due to reaction [1] above the initial plateau 
is due to the increasingly larger concentration gradient 
of the l imiting reactant as the reaction plane moves 
closer to the electrode (compare Fig. 3 and 5). The 
cupric species produced at the reaction plane can no 
longer escape by radial convection. Furthermore, the 
current density due to reaction [2] will increase the 
potential gradients and enhance further the migration 
of cupric ions toward the electrode from the bulk 
solution. 
In order to avoid contamination of the deposit with 
iron, the electric driving force should not be made too 
large, according to the standard electrode potentials in 
Table I. For example, the current density for reaction 
[3] is very small and can be used to estimate that less 
than 10 -~ atom percent (a/o) of the deposit is iron for 
M 
values of V -  r more positive than about --0.51V. 
However, this estimate is probably high because the 
activity of iron was taken to equal the atom fraction, 
with neglect of the activity coefficient. Since the ac- 
tivity coefficient is greater than unity, the deposition 
of iron would be further impeded. 
For such low rates of reaction [3], the low current 
efficiencies in Fig. 8 are mainly due to two causes: (i) 
"leakage" of cuprous species away from the electrode 
by radial convection, and (it) consumption of cuprous 
species at the reaction plane. The latter is equivalent 
to the indirect current required for reduction of ferric 
to ferrous at the plane. Because the reduction of cupric 
and ferric species occurs at a lower electric driving 
force than reaction [2], the current efficiency increases 
with an increase in the electric driving force and ap- 
proaches about 70.5, 55.7, and 39.5% for cases 2, 3, and 
4, respectively. The maximum possible current effi- 
ciency is determined mainly by the ratio of ferric and 
cupric concentrations in the bulk solution. At still 
larger values of the electric driving force, the current 
efficiency would decrease due to the deposition of iron 
by reaction [3] and the evolution of hydrogen accord- 
ing to reaction [4]. 
For some cases the range of acceptable operating po- 
tential differences may be determined by the solubility 
l imit of the cuprous species (approximately 1M in the 
solutions studied here) and the maximum tolerable 
iron contamination of the deposit or hydrogen gas 
evolution. For case 2, Fig. 9 (also see Fig. 5) shows 
that operating at potential differences more positive 
than about --0.35V could lead to undesirable precipi- 
tation of cuprous species. (For cases 3 and 4, ~o -- V 
should be at least 0.32 and 0.275V, respectively, to 
avoid CuC1 precipitation.) At the other extreme in the 
range of acceptable operating potential differences for 
case 2, the current density due to reaction [3] may be 
used to predict that the iron contamination of the de- 
posited alloy would exceed 10 -5 a/o for V --'~o values 
more negative than about --0.52V. Further reduction 
of V -- ~o would lead eventually to hydrogen gas evolu- 
tion. (The value of V -- ~o at which this may begin to 
occur for case 4 was predicted to be approximately 
--0.789V, for example.) 
Another l imiting situation is associated with the bulk 
chloride concentration. Since chloride ions are con- 
sumed and liberated at the electrode at rates which 
depend on V -  ~o, a minimum in the surface concen- 
tration of chloride ions exists, as shown in Fig. 9. The 
implication of this min imum is that, for some bulk 
compositions, the chloride ion concentration would 
vanish at the electrode, a condition which may be 
considered undesirable because the complexing of the 
species would be no longer ensured. 
Summary and Conclusion 
The results of this work are that one can predict for 
this system: (i) the location of a hypothesized .reac- 
tion plane; (it) reasonable concentration profiles for 
the ionic species; (iii) realistic current-potential  
curves; (iv) current efficiencies of about 70.5, 55.7, and 
39.5% for cases 2, 3, and 4, respectively; and (v) a 
copper product that can be at least 99.99999% pure. 
Consequently, the design of an electrochemical ceil to 
remove the copper directly from the model process 
stream appears to be feasible provided that problems 
with the physical structure of the copper deposit can 
be avoided. 
Again, the anlaysis is strictly valid only at the cen- 
ter of the disk. 
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LIST OF SYMBOLS 
a 
ak 
Ci 
Ci,o 
Ci,~ 
Ci,ref 
Di 
DR 
F 
h 
}i 
~T 
ioi 
ioJ,ref 
iLD 
K 
L 
m 
Mi 
ni 
N~ 
R 
Sii 
T 
Ui 
U.i,o 
U~ 
V 
y 
Zi 
~aj 
O~c.~ 
7i] 
8 
~lci 
~lsi 
K~ 
IP 
constant  ---- 0.51023262 
relative activity of metal k in the deposit 
concentration f species i, mole/l i ter 
concentration of species i at the electrode sur- 
face, mole/l iter 
concentration of species i in the bulk solution, 
mole/l iter 
reference concentration f species i, mole/l iter 
diffusion coefficient of species i, cm2/sec 
diffusion coefficient of the l imiting reactant 
(CuC1 + ), cm2/sec 
Faraday's constant ~ 96,487 C/mole 
mesh size 
current density due to reaction j, A/cm 2 
total current density, A/cm 2 
exchange current density, A/cm 2 
reference xchange current density, A/cm 2 
l imiting current density due to diffusion (see 
Eq. [18]), A/cm 2 
equil ibrium constant for reaction [5], (kg/ 
mole) 2 
position of the reaction plane, cm 
number of rotating-disk electrode reactions 
symbol for the chemical formula of species i 
number of electrons transferred in reaction j 
normal component of the flux of species i, mole/ 
cm2-sec 
universal gas constant ---- 8.3143 J mo le - lK  - I  
stoichiometric coefficient of species i in reaction j 
absolute temperature, ~ 
mobility of species i, cm 2 mole j -1  sec-1 
theoretical open-circuit potential for reaction j 
at the surface composition, V 
standard electrode potential for reaction j, V 
standard electrode potential of the calomel ref- 
erence electrode, V
potential of the rotating-disk electrode, V
normal distance from the disk, cm 
charge number of species i 
anodic transfer coefficient for reaction j 
cathodic transfer coefficient for reaction j 
exponent in composition dependence of ex- 
change current density 
diffusion layer thickness, cm 
concentration overpotential for reaction j, V 
surface overpotential for reaction j, V 
bulk solution conductivity, ohm -1 cm -1 
kinematic viscosity of the solution, cm2/sec 
dimensionless distance from the disk 
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PO 
@o 
II 
pure solvent density, g/cm 3 
potential in the solution, V 
potential in the solution adjacent to the elec- 
trode surface, V 
potential in the solution outside the diffusion 
layer, V 
potential in the bulk solution extrapolated to 
the surface of the rotat ing-disk electrode, V
rotation speed of the disk, rad/sec 
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